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2Abstract
In developing advanced wear-resistant coatings for tribologically extreme highly loaded 
applications such as high speed metal cutting a critical requirement is to investigate their 
behaviour at elevated temperature since the cutting process generates frictional heat which 
can raise the temperature in the cutting zone to 700-900 °C or more. High temperature micro-
tribological tests provide severe tests for coatings that can simulate high contact pressure 
sliding/abrasive contacts at elevated temperature. In this study ramped load micro-scratch 
tests and repetitive micro-scratch tests were performed at 25 and 500 °C on commercial 
monolayer coatings (AlCrN, TiAlN and AlTiN) deposited on cemented carbide cutting tool 
inserts. AlCrN exhibited the highest critical load for film failure in front of the moving 
scratch probe at both temperatures but it was prone to an unloading failure behind the moving 
probe. Scanning electron microscopy showed significant chipping outside the scratch track 
which was more extensive for AlCrN at both room and elevated temperature. Chipping was 
more localised on TiAlN although this coating showed the lowest critical loads at both test 
temperatures. EDX analysis of scratch tracks after coating failure showed tribo-oxidation of 
the cemented carbide substrate. AlTiN showed improved scratch resistance at higher 
temperature. The von Mises, tensile and shear stresses acting on the coating and substrate 
sides of the interface were evaluated analytically to determine the main stresses acting on the 
interface. At 1 N there are high stresses near the coating-substrate interface. Repetitive 
scratch tests at this load can be considered as a sub-critical load micro-scale wear test which 
is more sensitive to adhesion differences than the ramped load scratch test. The analytical 
modelling showed that a dramatic improvement in the performance of AlTiN in the 1 N test 
at 500 °C could be explained by the stress distribution in contact resulting in a change in 
yield location due to the high temperature mechanical properties. The increase in critical load 
3with temperature on AlTiN and AlCrN is primarily a result of the changing stress distribution 
in the highly loaded sliding contact rather than an improvement in adhesion strength. 
4Introduction
Metal cutting generates frictional heat which can raise the temperature in the cutting zone to 
in excess of 700 ºC [1-2]. In developing advanced coatings for metal cutting applications a 
key requirement is therefore to investigate their behaviour at elevated temperature. 
Sophisticated high temperature test techniques are now being employed to characterise the 
properties of advanced wear-resistant coatings [3-4]. We have previously shown how high 
temperature nanomechanical characterisation can be a valuable tool in understanding coating 
properties and how they will perform in different types of cutting tests with different 
requirements [4-5]. Tribological tests at high temperature also show that the test temperature 
plays a key role in determining wear rate and deformation mechanism [6-11]. Coated 
components in machining applications operate in the region of their elastic limit, or above it 
as stresses in cutting can be 2 GPa or more [2,12] so it also desirable to mimic these high 
stresses in the laboratory tests. This can be done by elevated temperature nano- and micro-
scale tribological tests which extend the characterisation capability and provide severe tests 
of coating durability that can simulate highly loaded sliding/abrasive contacts at elevated 
temperature.
The scratch test is a convenient method for producing damage to simulate abrasive wear [13-
14] and a popular choice for coating adhesion assessment [15]. However, it is well known 
that critical loads in the scratch test do not directly correspond to more adherent films since 
the critical load is dependent on many factors in addition to the interfacial strength [16-17]. 
Another limitation is that when scratching thin wear resistant hard coatings with a 200 µm 
radius diamond probe the maximum von Mises stresses move deep into the substrate before 
failure occurs [18-19]. 
5One way to increase the sensitivity of the test to interfacial adhesion is to reduce the probe 
size and use a nano- or micro-scratch test instrument with greater sensitivity at lower load. By 
“dimensioning” the test in this way the influence of substrate deformation is reduced [18]. 
Hertzian modelling can provide an estimate of the mean contact pressure and location of the 
peak von Mises stress in the scratch test [20]. Depending on the choice of indenter radius and 
load, the maximum stress can be positioned at the interface, or at interfaces between different 
layers in a multi-layer coating system, to investigate any potential deficiencies in adhesion. 
Further control over the contact pressure and the location of maximum stress is achieved by 
performing repetitive (sub-critical load) constant load nano- and micro- scratch tests. With a 
suitable choice of applied load it is possible to study either coating-dominated wear 
properties or interfacial behaviour, as has been done previously at the nano- and micro-scales 
for hard carbon and nitride coatings [20-21]. The micro-scale scratch test can be considered 
as a model single asperity contact where the major abrasive wear mechanisms can be well 
reproduced [13-14]. Studying single asperity contact at the nano- [22-23] or micro- [14] scale 
has distinct advantages compared to standard tribological tests with much larger contact 
sizes. In these tests the real contact occurs only at the peaks of the asperities and the actual 
contact pressures responsible for the observed behaviour are not known.
In this study the micro-scale scratch and wear behaviour of three industrial coatings, TiAlN, 
AlCrN and AlTiN, popularly used in metal cutting has been investigated at room and 
elevated temperatures. The main aims of the study were to (i) apply Hertzian and analytical 
modelling approaches to improve our understanding of the micro-scratch and micro-wear 
tests at room temperature (ii) interpret differences in coating behaviour in terms of their 
mechanical properties (iii) apply the same approach to the coating behaviour in tests at 
elevated temperature (iv) investigate possible correlations with metal cutting tests. Analytical 
modelling of the von Mises stress distribution in the sliding contact was performed to 
6investigate how differences in coating mechanical properties at high temperature affect the 
initial interface weakening (i.e. by initial substrate or coating yielding or both) and determine 
the observed deformation failure mechanism.
2. Experimental
2.1 Materials
Three commercially available coatings of the same thickness, fabricated in a standard Balzers 
RCS cathodic arc coating machine, were investigated in this study: TiAlN (X-treme), AlTiN 
(X-ceed) and AlCrN (Alcrona). The Al to Ti/Cr ratio is 0.5 in TiAlN, 0.67 in AlTiN and 0.7 
in AlCrN. The monolayer columnar coatings were deposited on mirror polished Sandvik H1P 
cemented carbide inserts (SPG422) to a thickness of (3.0 ± 0.2) μm. TiAlN and AlCrN have a 
cubic structure while the AlTiN has a dual phase cubic and wurtzite structure which results in 
lower hardness and elastic modulus. The coatings have compressive residual stress in the 
range -3 to -4 GPa. The chemical composition of the cemented carbide substrate material 
was: WC = 85.5; TiC = 7.5; TaC = 1.0; Co = 6.0 wt.%. Their mechanical properties were 
measured by nanoindentation testing with a NanoTest system (Micro Materials Ltd., 
Wrexham, UK) at 25 and 500 °C using a high temperature stage and separately actively 
heated diamond Berkovich indenter, as summarised in Table 1(a) [24, 25]. Grain sizes were 
larger on the TiAlN than the AlCrN and AlTiN [26-28].
2.2 Micro-scratch testing
Ramped load micro-scratch testing to a peak load of 10 N was performed with a NanoTest 
system (Micro Materials Ltd, Wrexham, UK) using a 3-scan procedure using a spheroconical 
diamond indenter with an end radius of 25 m. The procedure involved 3 sequential scans, 
7topography-scratch-topography, at 5 m/s. These were (i) pre-scan: scanning at low load over 
a 1000 m track (no wear occurs at this load with a 25 m probe) (ii) progressive load 
scratch: the load is low over the first 250 m scan then ramping at a constant rate of 75 mN/s 
to reach 10 N just before the end of the scan (iii) post-scan, with the same low load as the 
pre-scan. The scans were always in the same direction and the probe was removed from the 
surface at the end of each scan. At least 3 scratch tests were done on each sample, with 
adjacent tracks separated by 200 m. Ra surface roughness was 0.03-0.04 m on AlTiN and 
0.05-0.06 m on AlCrN and TiAlN. Based on the results of the ramped load scratch tests, 
various constant loads (0.5-4 N) were chosen for multi-pass constant load repetitive micro-
scratch tests (micro-wear) tests that were performed over 1000 m in a similar manner. In 
these 12-scan tests the pre-scan was followed by 10 wear cycles under load, loading at 150 
mN/s after 250 m scan distance to reach the peak load rapidly (at 300-350 m scan distance 
depending on load) remaining at this level until the end of the scan, before a final post-scan to 
determine the residual depth. The scans were always in the same direction and the probe was 
removed from the surface at the end of each scan. The evolution of wear was followed by 
changes to the depth measured under load (the on-load wear depth) and the Ra surface 
roughness.
For the high temperature micro-scratch tests the instrument was stabilised at the test 
temperature of 500 ºC prior to testing. The final thermal drift minimisation process before 
starting the scan involved holding the diamond probe in contact with the coating surface at 
minimal force for 30 s, passively heating the probe. The 500 ºC repetitive scratch tests were 
performed at 1 and 2 N on AlTiN, and at 1 N on TiAlN and AlCrN. In the figures that follow, 
the depth data in the ramped load scratch and repetitive scratch tests are shown after removal 
of the slope, topographic and the instrument compliance contribution to the measured 
8deformation, to leave true depth data [16,29]. The mean pressure during the tests was 
estimated by the application of a Hertzian treatment previously applied to nano- and micro-
scratch tests with spherical probes [15-16]. The method enables the yield stresses and the 
pressure required for the failure of the film to be estimated from contact mechanics, assuming 
the geometry of indentation, provided spherical indenters are used and assuming elastic 
recovery. The contact depth (hc) in a spherical indentation contact is given by
hc = (ht + hr)/2 [Eqn. 1]
where hc is the contact depth, ht is the on-load scratch depth and hr is the residual depth from 
the final scan. The contact radius (a) is determined from Equation 2, where R is the indenter 
radius. The contact pressure, Pm, at any point along the scratch track is given by equation 3, 
where L is the applied load. 
a = (2Rhc-hc2) [Eqn. 2]
Pm = L/a2 [Eqn. 3]
When the scratch load increases beyond the elastic limit and significant plasticity and 
ploughing friction occurs the above treatment is no longer exact but nevertheless can provide 
a useful indication of both the contact pressure and the depth at which the maximum von 
Mises stress is likely to be found (0.48a) and hence in deciding a suitable load for the sub-
critical load repetitive scratch tests.
9Secondary electron and back scattered imaging of coating surfaces after micro-scratch testing 
was performed with an Oxford Instruments SEM fitted with an EDX detector.
2.3 Analytical modelling
The von Mises, tensile and shear stresses acting on the coating and substrate sides of the 
interface were evaluated using the SAC (simple adhesion calculator) in the SIO Toolbox 
(SIO, Rugen, Germany) which uses Film Doctor (SIO, Rugen, Germany) analytical 
methodology to determine the main stresses acting on the interface for a single-layer coating 
system. The input parameters to the model are the mechanical properties of the coating and 
substrate at the test temperature i.e. hardness (H), elastic modulus (E), the ratio of hardness to 
yield stress (Y), H/Y (taken as 1.5 for the coatings and 2.5 for the cemented carbide substrate), 
their Poisson ratios, together with the diamond indenter material properties and the applied 
load, friction coefficient and probe radius in the micro-scratch test. For the analysis the 
friction coefficient was set to 0.2, which is typical for hard nitride coatings sliding against 25 
m diamond probes. For the coatings the values shown in Table 1 were used and for the 
carbide those from references [30, 31]. Additionally, the Surface Stress Analyzer (SSA, from 
SIO) was used to provide a more detailed assessment of the stress distributions in the 1 N 
wear tests.
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3. Results
3.1 Ramped load micro-scratch tests at 25 °C
As the load increased Lc1 (= onset of cracking or unloading failure) and Lc2 (= total failure in 
front of the probe) failures were observed. The critical load data from progressive load micro-
scratch tests at 25 and 500 ºC have previously been reported in [24,32] and are shown in 
Table 1(b). Hertzian analysis suggests that the maximum von Mises stress at the Lc1 failure is 
located below the free surface, and moves further away from the coating-substrate interface 
by Lc2 (Table 1(b)). An example of an unloading failure (i.e. a failure originating just behind 
the contact zone, resulting in extensive coating removal) on AlCrN is shown in figure 1. In 
the tests at 25 ºC the unloading failure was seen predominantly on AlCrN, occasionally on 
AlTiN and was absent on TiAlN. There was significant chipping outside the scratch track 
which was more extensive for AlCrN.
3.2 Ramped load micro-scratch tests at 500 °C
The variation in scratch depth under load and residual scratch depth in the ramped tests at 500 
°C are shown in figure 2 (a-b). The on-load depth was similar for all three coatings. 
Permanent deformation starts at lower load on AlTiN and, as the load increased was slightly 
greater on AlTiN and TiAlN than AlCrN. It can be seen from Table 1 that Lc2 increases 
slightly with temperature for AlCrN and AlTiN but decreases for TiAlN. At the Lc1 failure at 
500 °C the maximum von Mises stress estimated by Hertzian mechanics is at a depth of 
around 4.5 m for AlCrN, 3.6 m for TiAlN and 6.3 m for AlTiN. At the Lc2 failure the 
maximum stress is at a depth of around 6.1 m for AlCrN, 5.4 m for TiAlN and 7.4 m for 
the AlTiN. In tests at 500 ºC the unloading failure was more common than at room 
temperature but occurred at higher load. It was present in every test on AlCrN, in 3 of 6 tests 
on TiAlN and only 1 of 6 repeats on AlTiN. At the start of the unloading failure the residual 
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depth is larger than the film thickness for AlCrN and AlTiN. Some plastic deformation of the 
cemented carbide substrate therefore occurred prior to coating failure. As at room 
temperature SEM imaging showed significant chipping outside the scratch track. This was 
more extensive for AlCrN (figure 3(a) than TiAlN (fig. 3(b)).
3.3 Constant load repetitive micro-scratch tests at 25 °C
The repetitive scratch depth data are summarised in Table 2. The depth during the initial pass 
under load at 1 N was almost the same for all three coatings. Illustrative constant load 
repetitive micro-scratch tests at 25 ºC are shown in figure 4(a-d). The on-load depth includes 
the elastic deformation, so is greater than the residual wear depth which excludes it. Since the 
elastic contribution is expected to be approximately constant during the tests the on-load 
depth can provide a convenient assessment of the evolution of the wear with each subsequent 
scratch. For clarity only some of the wear cycles are shown. The deformation behaviour and 
the relative performance of the coatings were both highly load-dependent. After a few cycles 
at 1 N AlCrN worn regions along the scratch track were observed. Total coating failure 
occurred over 2/3 of the wear track by the 4th wear scan and was complete by the sixth scan 
(figure 4(a)). In the tests at 1 N AlTiN showed a mixture of low-wear areas and almost total 
coating removal in one test and minimal failure in the other (figure 4(b)), with lower scratch 
(elastic) recovery in the final post-scratch scan depth for the failed regions than the minimally 
worn regions. At 1 N (see figure 4(c)) and 2 N TiAlN exhibited a gradual fracture wear 
process without as abrupt an increase in depth. At 2 N the stress field calculations show the 
maximum von Mises stress moved to ~4 m below the surface. The maximum contact 
pressure was estimated at 7.3-8.3 GPa at 1 N. At 2 N there was total coating failure over 
much of the wear track during the second or third scans on AlCrN and AlTiN. Figure 4(d) 
contrasts the behaviour on these coatings to TiAlN. After the coating was removed from the 
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scratch track the cemented carbide substrate was progressively worn away with each 
subsequent scratch pass. At ≥3 N the AlCrN coating was removed from the entire constant 
load region on the second wear cycle. The surface roughness measured under load was low, 
Ra = 0.06 µm at 3 N and Ra = 0.08 µm at 4 N. It remained unchanged between the first and 
second scans despite the increase in depth of nearly 4 µm for the second scan. The 
deformation under load on TiAlN was also very high but the residual depth was relatively 
low due to the inability of the probe to access the bottom of the scratch track. 
3.4 Constant load repetitive micro-scratch tests at 500 °C
With each scratch TiAlN showed a gradual increase in on-load scratch depth with SEM 
imaging revealing some chipping outside the scratch track (figure 3(d)). AlCrN was initially 
wear resistant but after several cycles it failed over the majority of the wear track. It exhibited 
significant chipping outside the wear track (figure 3(c)). There were isolated regions outside 
the track where the coating was completely removed to reveal bare WC-Co as confirmed by 
EDX analysis. AlTiN did not fail during the 10 repeat scratches at 500 ºC at 1 N. Increasing 
the wear load to 2 N produced similar behaviour to observed at room temperature, although a 
larger number of cycles were required to cause coating failure. EDX revealed the presence of 
oxygen (~18-20 wt.%) and Co enrichment (to ~13-14 wt.%) in the scratch tracks for the 
ramped load and 1 N repetitive scratch tests on AlCrN and TiAlN when the coating was 
removed. Oxygen was absent from the unworn regions of the coating surface and from 
chipped regions of the coating outside the scratch track. Compacted regions were observed 
over part of the wear tracks.
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4. Discussion
4.1 Tribo-oxidation in the scratch tracks
The scratch and wear tests with the 25 m diamond probe were highly loaded contacts with 
contact pressures in excess of 4 GPa. At these high pressures tribo-oxidation occurred in both 
room and elevated temperature tests as shown by the presence of oxygen in the scratch track 
after coating removal. 500 °C is below the normal oxidation onset temperature for these 
coatings. The coating surface and chipped regions of coating and bare substrate outside of the 
tracks themselves are oxide-free. Oxidation was reported by Staia and co-workers in the wear 
tracks from tribological tests of multi-layered and nanostructured TiAlN coatings at 500-700 
ºC [33]. The coatings were not worn through and the oxidation suggests a mixed tribolayer of 
Al2O3 and TiOx. Outside of the wear tracks there was no detectable oxidation at these 
temperatures [33]. Oxidation of the Cobalt binder phase has been noted when bulk cemented 
carbide is subjected to repetitive micro-scratches at high contact pressure at room temperature 
[14]. Gee et al reported [14] fracture and fragmentation of WC-Co grains under repetitive 
sliding contact forming a nanostructured tribo-layer over surface as was observed in this 
study. This layer was found to be Co-rich by FIB-SIMS in agreement with the EDX results in 
this work. Tribo-oxidation has also been investigated in AFM experiments. Carpick and co-
workers recently studied tribofilm formation when sliding an AFM tip in ZDDP-containing 
medium against Fe-containing or Si surfaces [22]. They reported that the rate of 
tribochemical reaction displayed an exponential dependence on contact pressure.
4.2 Ramped load scratch testing at 25 ºC
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It has been shown previously that a strong correlation exists between the mechanical 
properties of coatings (primarily hardness and H/E) and the scratch test critical load (Lc2) 
[16,17,20,34]. The nanoindentation data in Table 1 shows that at room temperature TiAlN 
was hardest at around 30 GPa, and AlTiN softest (20 GPa), with a significantly lower elastic 
modulus than the other two coatings [24,25]. Hard coatings with higher H/E are beneficial in 
providing load support but as the load increases stress relief by plastic flow is more critical. 
Failure in the scratch test is a brittle fracture dominated process at room temperature. 
Coatings with very high H/E can behave poorly due to their limited ductility, with reduced 
critical load. For hard coatings deposited on silicon there is more extensive delamination at 
failure [16,17,20,29], or chipping for harder DLC coatings on hardened steel [35]. Consistent 
with this general trend the smallest critical load was found for the hardest coating, TiAlN. 
The softer coatings AlCrN and AlTiN are able to more effectively relieve stress by plastic 
flow and hence higher resistance to cracking (see Lc1 values in Table 1). Nevertheless, as the 
load increases unloading failures were observed. Unloading failures were also reported 
recently on other AlTiN and AlCrN coatings [36] but were absent when AlCrN was deposited 
as a bi-layer with a TiAlN sub-layer and in this study on TiAlN. AlCrN appears to be 
susceptible to dramatic fracture under highly loaded sliding contact if deposited without an 
adhesion-promoting layer, as has been observed by other groups [37]. The behaviour in the 
scratch test is controlled by mechanical properties with a contribution from microstructural 
effects. Grain refinement is promoted in high Al-fraction coatings [26]. The grain size is 
much smaller in the nanocrystalline AlTiN [26,28] and AlCrN [27] (~10-20 nm) than in 
TiAlN (~200 nm) [26] and this appears beneficial in reducing cracking.
It has been proposed [18] that plastic flow occurs wherever the critical von Mises stress is 
exceeded in the scratch test. With increasing load this plastic zone grows until it reaches the 
interface between the coating and the substrate. This weakens the integrity of the system. If 
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additionally high tensile stresses at the surface coincide with this weakening then mode-I 
fractures could propagate to this interface resulting in global coating failure by shearing off 
large areas at the observed critical load. In the micro-scratch test with a 25 m probe end 
radius the compressive plastic strain in these coatings will be very small (of the order of a 
few % [38]), and so can be discounted when estimating the distance of the maximum von 
Mises stress to the coating-substrate interface [35]. The Hertzian analysis shows that the 
maximum von Mises stress is located in the substrate at Lc1 for all three coatings and moves 
deeper as the load increases. This is consistent with the observation that when total coating 
failure occurs (e.g. see figure 1) the corresponding residual depth exceeds the coating 
thickness. The unloading failure is due to a high maximum tensile stress at the rear of the 
probe, as reported previously in scratch tests of hard DLC [39], TiSiN [28], TiFeNx [24,25] 
and TiN [40] coatings with 3-200 m end radius probes.
4.3 Repetitive micro-scratch tests at 25 ºC
In the ramped load scratch tests significant substrate deformation was required prior to Lc1 
failure of the coating systems. The role of substrate deformation can be investigated further in 
micro-wear tests at lower load where the behaviour is more coating-dominated and less 
influenced by the deformation of the substrate. The test probe radius and applied load in the 
scratch test control whether the initial scratch resistance is more strongly dependent on 
coating or substrate mechanical properties. The almost identical on-load depth during the first 
scratch at 1 N for the three different coatings (Table 2) reflects the dominant role of the 
substrate elastic properties in the measured deformation when using a 25 µm probe. This 
behaviour is strongly tip radius dependent. A radius of 25 m has also been reported to 
effectively minimise differences in scratch resistance in micro-scratch tests on hard carbon 
coatings on tool steel [35] that were clear when the same coatings were scratched by a 
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sharper probe. The Hertzian stress model was used to estimate the contact pressures and the 
depth of the maximum von Mises stress in the test. The calculations show that at 1 N the 
maximum von Mises stress was at a depth of ~3 m below the surface. Since the coatings are 
of 3 µm thickness and compressive strain is small the maximum stress was located in the 
vicinity of the coating-substrate interface. The repetitive micro-scratch test at this load should 
be more sensitive to the presence of any areas of weaker adhesion. The results of the 
analytical modelling show that the maximum von Mises stress on the substrate side of the 
interface at 1 N exceeds the substrate yield stress although there is no coating plasticity at this 
load. The maximum von Mises stresses determined by the Hertzian and analytical modelling 
approaches agree to within 10-15 % at 1 N. Since the system is overloaded, it is perhaps not 
surprising that failure was observed within a few scratch cycles even though the test load was 
below the Lc1 critical load in the ramped load test. The different deformation mechanisms are 
consistent with microstructural differences with the Al-rich nanocrystalline coatings initially 
more wear resistant than the coarser grained TiAlN (figure 4(d)).
Analytical modelling was performed to determine the main stresses acting at the coating-
substrate interface at 1 N and Lc1, Lc2. The results (Table 4) show that the maximum von 
Mises stresses were around 9 GPa and the maximum shear stresses were 3.5-3.9 GPa. At 25 
°C although differences in coating mechanical properties affect the critical load, the 
mechanism is initial interface weakening by substrate yielding rather than coating failure 
which results in an abrupt “step” in scratch depth vs. load at failure. The slight reduction in 
the magnitude of the von Mises and shear stresses at the interface with increasing load are 
explained by the peak von Mises stresses moving further into the substrate as the scratch load 
increased.
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The variation in the surface roughness in the scratch track with each repeat scratch can 
provide additional evidence of differences in deformation mechanisms. When measured 
under load over the entire constant load region, the evolution in Ra with each scratch pass 
provides a suitable metric. When deformation by plastic deformation is dominant with 
minimal wear from coating fracture in front of the probe then it will remain low. Significant 
fracturing or partial delamination during the scan will increase it. When complete failure 
occurs behind the probe then on the following wear cycle it stays low, consistent with carbide 
fracture requiring a number of repetitive scratches as reported by Gee and co-workers [14]. 
Although the initial scratch depths are essentially the same on all three coatings, differences 
in the evolution of the scratch depth and the surface roughness with repetitive scratches 
suggest that the subsequent wear process at ≥1 N proceeds by a different mechanism on 
TiAlN to the other coatings. In the first wear cycle the Ra roughness is higher than that 
measured at contact load on the coarser grained TiAlN implying some stress relief by 
cracking even at this load. For AlCrN and AlTiN it is identical, implying initially 
elastoplastic deformation without fracture. There is a correlation between the Lc1 (and Lc2) 
values and the coating performance in the repetitive scratch tests at 1 N and 2 N. AlTiN has 
the highest Lc1 of the three coatings at (3.5 ± 0.8) N so micro-fracture events are less likely at 
1 N than on the other coatings. Severe deformation was observed in wear tests above 2 N 
(Table 2). Under these conditions the coating fails quickly and it is possible to monitor the 
damage tolerance of the system. For TiAlN 3 N is significantly above Lc1 and so there is 
significant cracking during the first scratch resulting in higher surface roughness in the 
scratch track (Ra = 0.27 µm). For AlCrN 3 N was sufficiently close to the Lc1 failure (2.8 ± 
0.2 N) that dramatic failure occurred behind the probe during the first pass so that the probe 
depth was much deeper on the second pass. The absence of any change in on-load roughness 
confirms that failure occurs behind the probe in cycle 1. Complete coating failure exposes the 
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carbide substrate resulting in significant wear with increasing number of wear cycles. This is 
consistent with previous reports of scratching WC-Co showing plastic slip as the major 
mechanism followed by cracking and fragmentation of the individual WC grains after 
multiple passes [14].  
4.4 Influence of temperature: ramped and repetitive micro-scratch tests at 500 ºC
The ramped and repetitive micro-scratch tests are highly loaded contacts. A variety of 
dissipative mechanisms may be needed to reduce wear under these conditions with the 
elevated temperature mechanical properties of the system being paramount. The high 
temperature nanoindentation results on these coatings are summarised in Table 1. The data 
were taken from two studies with slightly different test conditions. The initial study on 
AlCrN and TiAlN used a short (5 s) hold at peak load that may not have been long enough to 
eliminate time-dependent effects during unloading, so that the reported values of elastic 
modulus – which were determined directly from the unloading slope without any viscoelastic 
correction [40] - may over-estimate the actual modulus of the coating. In the subsequent 
measurements on AlTiN the test protocol was improved with the addition of a longer hold 
period of 60 s at peak load before unloading. In hot microhardness testing in vacuum, Staia 
and co-workers reported that the rate of the hardness reduction with temperature on AlTiN 
(and to a lesser extent AlCrN) coatings was greater than the carbide substrate [33]. The 
nanoindentation data in refs [24,25] are in agreement with this.
The scratch and wear tests were dominated by brittle fracture behaviour at 25 ºC. All the 
coatings soften at 500 ºC which has been attributed to relaxation of residual stresses and grain 
boundary sliding [42]. The reduction in the hardness of coating and substrate at elevated 
temperature is consistent with greater plasticity, and consequently in milder deformation 
behaviour in the scratch test. The reduction in hardness of the carbide substrate was not 
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measured in this study but has been reported elsewhere to decrease only slightly by 500 ºC 
[30]. Pujante and co-workers reported that for AlCrN on tool steel, with and without prior 
surface hardening by nitriding, the critical load reduced with temperature due to substrate 
softening [43]. Allsopp and Hutchings reported that at 350 ºC (a temperature where softening 
of the tool steel substrate is less pronounced) the critical load for AlTiN on tool steel was 
considerably higher than at room temperature [44].
The mechanisms of stress relief are predominantly by plastic flow on AlTiN and plastic flow 
and micro-fracture on TiAlN. The observed differences in both on-load (elastic and plastic) 
and residual (plastic) depths between the coatings are consistent with differences in their high 
temperature hardness (Table 1(a)). The unloading failure on AlCrN may be related to its 
higher hot hardness, so that less efficient stress relief is possible by plastic flow. It does not 
necessarily imply worse adhesion at higher temperature since a high load (and higher bending 
stresses) were required for the coating to fail at 500 ºC than at 25 ºC. The temperature 
dependence of the critical load in Table 4 is primarily a result of the different stress 
distribution rather than an improvement in adhesion strength at high temperature. The 
analytically determined maximum shear stress at the Lc2 failure is higher at 25 °C than 500 °C 
which suggests the coating-substrate bonding strength is slightly reduced at high temperature. 
Although the shear stress is much lower at failure on the AlTiN coating the failure 
mechanism at elevated temperature is different (as discussed below), so it is not possible to 
directly compare its adhesion strength at high temperature to the other coatings. Unloading 
failures in micro-scratch tests occurred more often on AlTiN after vacuum annealing for 2 h 
at 900 ºC [45]. The annealing increased the high temperature hardness of AlTiN but reduced 
the critical load, but at higher temperature the critical load was higher for as-deposited and 
annealed samples than at room temperature [45]. 
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In the tests at 500 ºC there are high stresses in the vicinity of the coating-substrate interface, 
with maximum von Mises stress at 1 N estimated by Hertzian mechanics at a depth of 3 µm 
below the surface (i.e. very close to the interface, assuming the coatings deform elastically). 
For TiAlN, Lc1 and Lc2 are lower at 500 ºC than at 25 ºC, and its poorer wear performance in 
the repetitive scratches at 1 N at 500 ºC compared to 25 ºC is consistent with this. In contrast 
AlCrN and AlTiN show improved performance, with more cycles required before failure and 
lower residual depth. The lower residual depth is likely to be due to reduced fracturing of the 
WC-Co which also softens slightly at 500 ºC [30]. The improved behaviour of the AlTiN 
coating at 1 N may be related to its significantly higher Lc1 at 500 ºC. The enhanced ductility 
for AlTiN is consistent with the maximum von Mises stress moving further into the substrate 
at Lc1 than at 25 ºC. 
Analytical modelling of the main stresses acting at the coating-substrate interface (using SIO 
Toolbox, SIO, Germany) was performed to investigate how the clear differences in coating 
high temperature mechanical properties (Table 1) influence the initial interface weakening 
(i.e. by initial substrate or coating yielding or both) and thus determine the deformation 
failure mechanism at elevated temperature. The results show that differences in the coating 
behaviour in the 1 N tests at 500 ºC between AlTiN and the other coatings can be explained 
by differences in stress distributions at the interface. For all three coatings at 25 °C, and for 
AlCrN at 500 °C, the maximum von Mises stress on the substrate side of the interface at 1 N 
exceeds the substrate yield stress although there is no coating plasticity at this load. For 
TiAlN at 500 °C the interface is weakened by a combination of plastic flow of coating and 
substrate. The reported elastic modulus of AlCrN at 500 ºC is considered to be an over-
estimate of the true value due to the holding time at peak load (5 s) being too short. The stress 
analysis was therefore re-run with a lower value of 510 GPa. The values given in Table 4 
were unchanged. In contrast, for AlTiN at 500 °C there is plastic flow in the coating but the 
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von Mises stress in the substrate is much less than its yield stress (although this itself is lower 
at temperature). High H3/E2 is often associated with high fracture toughness and resistance to 
crack initiation. Although it has relatively low elastic modulus, the high Lc1 on AlTiN at 500 
°C is not due to having high H3/E2 since the other two coatings studied have higher H3/E2. 
Instead it is a consequence of lower interfacial stresses, plastic flow in the coating and 
reduced substrate deformation. The Surface Stress Analyzer (from SIO) provided a more 
detailed assessment of the stress distributions in the 1 N wear tests at 500 ºC. Figure 6 shows 
distributions of the von Mises stress for all three coatings. The simulated stress distributions 
support the conclusions from the Simple Adhesion Checker software, i.e. that a change in 
yield location and deformation mechanism can occur at high temperature due to the reduction 
in high temperature mechanical properties of the coatings.
4.5 Correlation with wear and cutting tests
Laboratory tests correlate well with actual application performance when there is accurate 
simulation of the contact conditions so that the severity and major deformation mechanisms 
can be replicated. The major deformation mechanisms in abrasive wear include plastic 
deformation, cutting, micro-fracture and delamination. These can be replicated in the scratch 
test but the critical load in the scratch test may not always be the best parameter for 
comparison. Bull has shown that the abrasive wear resistance for TiN coatings on 304 
stainless steel deposited by different techniques did not show a good correlation with either 
the hardness or the critical load from a conventional scratch test [46]. More recently the nano-
scale wear resistance of re-HIPed (HIP = hot Isostatically Pressed) and cast cobalt-based 
Stellite 6 alloys was investigated by Ahmed and co-workers with the nano-scratch test [47]. 
An excellent correlation between nano-scale wear resistance and results of the ASTM G65 
abrasive wear test was found. The re-HIPed alloy showed lower material removal that was 
explained by differences in composition and properties of the metal matrix. The abrasive 
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wear resistance of AlTiN, AlCrN and TiAlN has been studied by Kalss and co-workers [48]. 
AlCrN showed significantly better abrasive wear resistance than AlTiN which was itself 
better than TiAlN. The high hardness of TiAlN confers load support but its relatively 
moderate plasticity results in low fracture resistance in highly loaded contact. With its larger 
grain size and columnar structure cracking results in high wear. The Lc2 values from the room 
temperature micro-scratch test are consistent with the wear measurements in [48].
In cutting tests high stresses and temperatures exist in the contact zone. Temperatures can be 
in the range 700-1000 °C for continuous high speed cutting applications. In interrupted 
cutting of hard-to-cut materials such as Ti6Al4V they can be significantly lower, and 
depending on cutting speed may be well under 400 °C [49-51]. Although the micro-scale 
scratch tests at 500 °C cannot completely replicate some of the adaptive mechanisms 
operative at higher temperatures (e.g. age-hardening by spinodal decomposition, oxidation 
and tribo-film formation), nevertheless they can reveal differences in coating resistance to 
highly loaded sliding at high temperature that would not be predicted from tests at room 
temperature. In practice the results of the ramped and repetitive micro-scratch tests at 500 °C 
appear to show very good correlation with cutting tests. For example, figure 7 (a-c) shows 
illustrative cutting test data comparing tool life in face and end milling of steels taken from 
references [24-25]. In all three cases the high Al-fraction coatings, AlCrN and AlTiN 
outperform TiAlN in these applications. The high Al-fraction coatings also outperform TiAlN 
in a wider range of cutting conditions as illustrated by the tool-life data summarised in Table 
5 [24,25, 48, 52-54]. The same trends have also been reported by other groups [e.g. 18, 37, 
55, 56]. AlTiN has also shown moderate improvement over TiAlN in face milling of low 
carbon steel [56] and turning of medium carbon steel [18]. In face milling of 4140 steel 
Inspektor and Salvador reported a gradual improvement in tool life with increasing Al:Ti 
ratio [55]. Viana and co-workers noted that the relative performance of TiAlN and AlCrN 
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coated laser-textured cemented carbide tools in face milling of compacted graphite cast iron 
was dependent on cutting conditions [37]. More material removal was possible at low feed 
rate with TiAlN than with AlCrN coated tools. The relative performance switched round at 
higher feed rate. The authors interpreted these differences as being due to the temperature at 
the cutting edge. AlCrN coatings exhibit higher resistance to oxidation than Ti1-xAlxN 
[24,48,49,54,57]. They suggest that at the lower rate the temperature would be sufficient for 
TiAlN oxidation but not AlCrN so that less effective tribo-film formation would be possible 
on the latter. However, the data in Table 1 suggest that differences in hardness reduction with 
temperature may also play a strong role. Chipping and delamination of AlCrN coatings can 
be mitigated by doping with functional elements such as Si or Y [55, 58] and addition of 
TiAlN bond layer [36] or insertion of TiN sublayers [57] to improve adhesion and tailor 
chromium out-diffusion respectively.
There are several reasons for the improved tool life in the higher Al-fraction coatings. They 
age-harden by spinodal decomposition more effectively than more Ti- or Cr- rich 
compositions [52, 59]. They form more protective alumina-based tribo-films than the less 
protective rutile and chromia tribofilms [54, 60]. They also have lower thermal conductivity 
at elevated temperature than TiAlN [48] which, with the tribo-film, has been shown to protect 
the tool from thermal softening [60], i.e. they can act as a thermal shield [31]. In applications 
requiring high hot hardness, such as continuous turning or end milling of hardened steel, 
AlTiN is outperformed by other Al-rich coatings with higher hot hardness. These include 
AlCrN, annealed AlTiN and more complex coatings such as TiAlCrN [61], TiAlCrSiYN [62] 
and TiAlCrSYN/TiAlCrN multilayers [60, 63]. Nevertheless, it possesses a higher Lc1 at 
elevated temperature consistent with its reduced fracture in elevated temperature nano-impact 
tests [25]. AlTiN is preferable when the cutting conditions require relatively high coating 
plasticity, to minimise intensive adhesive-fatigue interaction with workpiece materials, as 
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occurs in machining strong aerospace materials Ti6Al4V, Ni-based superalloy (Waspalloy) 
or austensitic stainless steel [4]. The lower brittleness of the AlTiN coating helps provide 
more favourable, low wear conditions for effective tribo-film formation. This protects the 
cutting tool surface against chipping. The high temperature micro-scratch data (Lc1 in the 
ramped tests and the repetitive tests at 1 or 2 N) on AlTiN, supported by the analytical 
modelling fully support this.
5. Conclusions
In this study ramped load micro-scratch tests and repetitive micro-scratch tests were 
performed at 25 and 500 °C on commercial monolayer coatings (AlCrN, TiAlN and AlTiN) 
deposited on cemented carbide cutting tool inserts. 
In ramped load micro-scratch tests at 25 ºC there was a lower critical load for TiAlN than 
AlCrN or AlTiN. The critical load decreased with temperature for TiAlN but increased for 
AlTiN and AlCrN. These results could be explained by differences in interfacial stress 
distributions caused by changing mechanical properties with coating composition, contact 
stress and temperature. The simulations showed that the temperature dependence of the 
micro-scratch test critical load is primarily a result of the changing stress distribution in the 
highly loaded sliding contact rather than an improvement in adhesion strength. In the 
repetitive scratch tests at 1 N at 25 and 500 ºC the change in probe depth with number of 
scratch cycles could be used to monitor the wear process. AlTiN was more wear resistant 
than AlCrN and the wear process proceeded by a different mechanism on TiAlN. The 
analytical modelling showed that a dramatic improvement in the performance of AlTiN in the 
1 N repetitive scratch test at 500 °C could be explained by the stress distribution in contact 
resulting in a change in yield location due to the high temperature mechanical properties. 
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The results of the high temperature ramped and repetitive micro-scratch tests are consistent 
with reported cutting test data. The high Al-fraction coatings AlCrN and AlTiN both can 
outperform TiAlN in a range of aggressive cutting conditions. Although it has relatively low 
elastic modulus, the high Lc1 on AlTiN is not due to having high H3/E2 since the other two 
coatings studied have higher H3/E2. Instead it is a consequence of lower interfacial stresses, 
plastic flow in the coating and reduced substrate deformation, especially at 500 °C. This may 
explain its excellent performance in cutting materials, such as Ti6Al4V, where high 
temperature coating plasticity is more important than high temperature hardness. 
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Table 1. (a) Nanoindentation data at 25 and 500 ºC
Coating Temperature 
(C)
H (GPa) E (GPa) H/E H3/E2 
(GPa)
AlCrN 25 23.7 507 0.047 0.052
AlCrN 500 17.9 630 0.028 0.015
AlTiN 25 20.0 358 0.056 0.062
AlTiN 500 8.3 375 0.022 0.004
TiAlN 25 29.2 511 0.057 0.095
TiAlN 500 15.4 489 0.032 0.015
WC-Co 25 22 600 0.037 0.030
WC-Co 500 19 550 0.035 0.023
Mean values on the three coatings are taken from data with a Berkovich indenter previously 
reported in [24,32]. Values of E were determined using a Poisson’s ratio of 0.25. The tests on 
AlCrN and TiAlN were at 25 mN with a 5 s hold at peak load before unloading. The tests on 
AlTiN were at 20 mN with a 60 s hold at peak load before unloading. Both sample and 
indenter were actively heated. WC-Co data are from references [30,31].
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Table 1. (b) Critical loads in micro-scratch tests at 25 and 500 ºC
Coating Temperature 
(C)
Lc1 (N) Depth of 
maximum 
Von Mises 
stress at Lc1 
(m)
Lc2 (N) Depth of 
maximum 
Von Mises 
stress at Lc2 
(m)
Lc1*[Lc2-
Lc1] (N2)
AlCrN 25 2.8  0.2 4.5 5.7  0.2 6.5 8.1
AlCrN 500 2.3  0.4 4.5 6.0  0.4 6.1 8.5
AlTiN 25 3.5  0.8 5.7 4.5  0.1 7.5 3.5
AlTiN 500 4.0  0.6 6.3 5.8  0.7 7.4 7.2
TiAlN 25 2.1  0.4 4.5 4.2  0.5 6.5 4.4
TiAlN 500 1.5  0.2 3.6 3.7  0.2 5.4 3.3
The critical load data were previously reported in [24] and [32]. Lc1 = cohesive failure or 
unloading failure and Lc2 = total failure in front of the probe. Data are from 3-6 tests. The 
depth of the maximum Von Mises stress is estimated from Hertzian mechanics.
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Table 2. Constant load repetitive micro-scratch testing at 25 °C
Coating Applied 
Load (N)
Depth under 
load in wear 
cycle 1 (µm)
Depth under 
load in wear 
cycle 10 
(µm)
Increase in 
depth under 
load in 10 
cycles (µm)
Residual 
depth (µm)
AlCrN 1.0 1.4 ± 0.1 4.9 ± 0.2 3.5 ± 0.3 3.9 ± 0.3
2.0 2.1 7.6 5.5 5.6
3.0 2.9 9.0 6.1 6.6
4.0 3.6 11.3 7.7 7.9
AlTiN 1.0  1.4 ± 0 2.4 ± 1.0 0.9 ± 1.0 1.2 ± 0.9
2.0 2.6 ± 0.2 7.9 ± 0.1 5.3 ± 0.2 5.8 ± 0.6
TiAlN 0.5 0.8 2.2 1.3 1.8
1.0 1.5 ± 0.3 3.2 ± 0.4 1.7 ± 0.3 2.0 ± 0.7
2.0 1.7 4.4 2.7 3.4
3.0 3.9 7.2 3.3 2.7
4.0 5.0 8.8 3.8 2.3
All depth data are mean values across the on-load region of the repetitive scratch track. The 
depth under load includes the contribution from elastic deformation. Where repeat tests were 
performed, the mean and the standard deviation are given.
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Table 3. Constant load repetitive micro-scratch testing at 500 ºC
Coating Applied 
Load (N)
Depth under 
load in wear 
cycle 1 (µm)
Depth under 
load in wear 
cycle 10 
(µm)
Increase in 
depth under 
load in 10 
cycles (µm)
Residual 
depth (µm)
AlCrN 1.0 1.2 ± 0.2 3.5 ± 0.2 2.3 ± 0.6 3.2 ± 0.5
AlTiN 1.0  1.2 1.5 0.2 0.5
2.0 2.4 ± 0.1 5.3 ± 0.1 2.9 ± 0.1 4.9 ± 0.3
TiAlN 1.0 1.1 ± 0.0 3.1 ± 0.3 2.0 ± 0.3 2.6 ± 0.3
Data are mean values across the on-load region of the repetitive scratch track. The depth 
under load includes the contribution from elastic deformation. Where repeat tests were 
performed, the mean and the standard deviation are given.
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Table 4 Estimated interfacial stresses at 1 N, Lc1 and Lc2
(a) 25 °C
Maximum von Mises stress (GPa) Maximum shear stress (GPa)
at 1 N at Lc1 at Lc2 at 1 N at Lc1 at Lc2
AlCrN 8.9 8.9 8.8 3.5 3.8 3.9
AlTiN 9.1 8.8 8.8 3.6 3.9 3.9
TiAlN 8.9 8.9 8.9 3.5 3.8 3.9
(b) 500 °C
Maximum von Mises stress (GPa) Maximum shear stress (GPa)
at 1 N at Lc1 at Lc2 at 1 N at Lc1 at Lc2
AlCrN 7.8 7.7 7.6 3.1 3.2 3.4
AlTiN 4.4 4.7 4.6 1.9 2.1 2.2
TiAlN 7.9 7.8 7.7 3.1 3.2 3.4
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Table 5 Comparative performance in cutting tool tests
Tool lifeCutting Operation
TiAlN AlTiN AlCrN
Reference
End milling 1040 
steel
160 m 760 m [24]
End milling 316 
austenitic stainless 
steel
130 m # 90 m # [52]
Hobbing case 
hardened 5115 steel
2300 parts 4100 parts [48]
Interrupted turning 
42CrMo4V steel
4000 strokes 6000 strokes [48]
Face milling 1040 
steel
2400 m 4500 m [25]
End milling 4340 
steel
86 m 104 m [25]
End milling 
Ti6Al4V
6.1 m 10.3 m [25]
Turning Inconel 718 320 m § 440 m § [53]
Deep hole drilling of 
hardened structural 
steel
850 holes 1600 holes [54]
Tool life defined as length of cut (m) until a tool flank wear of 300 m was reached unless 
otherwise stated. # to flank wear of 100 m. § to flank wear of 250 m. Full cutting 
conditions are reported in the references.
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Figure captions
1. Illustrative example of an unloading failure in a ramped load micro-scratch test on 
AlCrN at 25 °C.
2. (a) On-load scratch depth data at 500 ºC (including elastic deformation).  (b) Residual 
depth data at 500 ºC (excluding elastic deformation).  
3. SEM images of ramped and repetitive scratch tests at 500 ºC. The scratch direction is 
from right to left in all cases. (a) Ramped scratch at 500 ºC on AlCrN (b) ramped 
scratch at 500 ºC on TiAlN. Repetitive wear test at 1 N at 500 ºC on (c) AlCrN. The 
back-scattered image in the inset reveals carbide exposure outside the scratch track. 
(d) TiAlN. A lower magnification image of repeat tests is shown in the inset.
4. Repetitive micro-scratch tests at 1 N at 25 ºC; (a) TiAlN (b) AlTiN (c) AlCrN. (d) 
Comparison of wear depths during second scratch pass at 2 N 25 ºC.
5. Repetitive micro-scratch tests at 500 ºC (a) AlCrN at 1 N (b) AlTiN at 1 N (c) AlTiN 
at 2 N.
6. (a-c) Simulated von Mises stress distributions in the 1 N wear tests at 500 ºC. a = 
TiAlN; b = AlCrN; c = AlTiN. The scratch direction is from left to right.
7. Tool life flank wear data in cutting with coated cemented carbide inserts (i) end 
milling of 4340 steel with TiAlN and AlTiN (ii) end milling of 1040 steel with TiAlN 
and AlCrN (iii) face milling of 1040 steel with TiAlN and AlTiN. Full cutting 
conditions are given in references [24-25].


















